. Surprisingly, CAR is not expressed apically on polarized cells and is thus not easily available to viruses. Consequently, alternative mechanisms for entry of coxsackievirus and adenovirus into cells have been suggested. We have found that tear fluid promotes adenovirus infection, and we have identified human lactoferrin (HLf) as the tear fluid component responsible for this effect. HLf alone was found to promote binding of adenovirus to epithelial cells in a dose-dependent manner and also infection of epithelial cells by adenovirus. HLf was also found to promote gene delivery from an adenovirus-based vector. The mechanism takes place at the binding stage and functions independently of CAR. Thus, we have identified a novel binding mechanism whereby adenovirus hijacks HLf, a component of the innate immune system, and uses it as a bridge for attachment to host cells.
Human adenoviruses (Ads) cause disease of the respiratory tract, intestine, eyes, liver, and urinary tract and in lymphoid tissue (23) . The most commonly isolated adenovirus serotypes belong to species C (Ad1, Ad2, Ad5, and Ad6) and cause roughly 5% of all symptomatic upper respiratory tract infections (8) and 15% of all lower respiratory tract infections (4) in children younger than 5 years. Early studies documented the isolation of species C adenoviruses following explant of human tonsils and adenoid tissue for culture (46) , and it has been shown that species C adenoviruses are latent in T lymphocytes isolated from human tonsils (17) .
With few exceptions, adenoviruses bind to target cells by means of an interaction between the viral fiber and its cellular receptor (34) , whereas an interaction between the viral penton base protein and cellular integrins promotes internalization (52) . It has been concluded that selected members of all adenovirus species except species B use the coxsackievirus and adenovirus receptor (CAR) as a cellular receptor (6, 35, 43) . Most, but not all, species B adenoviruses use CD46 as a cellular receptor instead of CAR (15, 25, 36) .
When CAR was initially identified as a cellular receptor for human adenoviruses, the experiments were performed using nonpolarized cell lines in vitro. In these model systems, CAR is distributed equally over the cell surface and is available to viruses. In vivo, however, epithelial cells are polarized and CAR is not readily available to virions (50) . Moreover, in polarized epithelium, CAR forms lateral homodimers intercellularly, regulates cell-to-cell adhesion, and facilitates viral transport between cells in order to promote escape from the site of replication, rather then being involved in virus binding to target cells (49) .
The poor ability of adenoviruses to reach their cellular receptor on polarized epithelial cells has become evident from work aimed at developing vectors for human gene therapy. Adenovirus vectors proved to be inefficient due to the low accessibility of CAR on polarized airway cells (31) . Thus, it has been suggested that, alternative, apically expressed molecules are used as cellular receptors by adenovirus and coxsackievirus (11, 49, 50) . In agreement with this, the roles of decay accelerating factor (DAF), which was first identified as a cellular receptor for coxsackie B viruses in 1995 (38) , and CAR was recently investigated in detail during the early steps of coxsackie B virus replication. DAF was found to serve as the main attachment receptor for coxsackie B virus, whereas CAR was found to be involved in a subsequent step of the coxsackie B virus life cycle (12) . Before finding a suitable receptor, every virus has to avoid or overcome the innate immune defense present in the skin, mucosal layers, and body fluids. Human lactoferrin (HLf) is present in mucosa and most body fluids (51) and plays a role in the first line of defense against microbial infections (45) . The antiviral effects of HLf are mainly related to inhibition of virus entry into host cells, either by binding to viral ligands, such as gp120 of human immunodeficiency virus (41) , or by binding to cellular receptors, such as heparan sulfate glycosaminoglycans (24) . In contrast, HLf has also been demonstrated to transactivate the long terminal repeat promoter of human T-lymphotropic leukemia virus 1, which is transmitted vertically through breast milk (28) . Thus, in addition to having antiviral properties, HLf may also have the capacity to promote infection by certain viruses.
In this study, we set out to investigate the role of tear fluid in ocular adenovirus infections. We found an unexpected effect of tear fluid during infections by respiratory adenoviruses and decided to investigate this effect further.
MATERIALS AND METHODS

Cells and viruses.
Human epithelial lung carcinoma A549 cells and epithelial larynx carcinoma Hep2 cells were grown in Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich) containing NaHCO 3 (0.75 g/liter), 10% fetal calf serum (FCS; Sigma-Aldrich), 20 mM HEPES (Euroclone), and penicillin-streptomycin (Invitrogen) at 37°C. Human corneal epithelial (HCE) cells were grown in steroid-supplemented hormone medium (SHEM) as described previously (1) . Acute lymphoblastic T-cell leukemia CEM and KE37 cells and CAR cDNAtransfected CEM and KE37 cells (CEM-CARhi and KE37-CARhi) were grown as described previously (26) .
Adenovirus type 31 (Ad31; strain 13-15/63), Ad7 (Gomen), Ad11 (Slobitski), Ad1 (strain Ad71), Ad2 (strain Ad6), Ad5 (strain Ad75), Ad6 (Tonsil 99), Ad37 (1477), Ad4 (RI-67), and Ad41 (Tak) were propagated in A549 or Hep2 (Ad41) cells and purified as described elsewhere (27) , with the following exception: instead of treating the cells with sonication and Arclone extraction, the cells were broken by three cycles of freeze-thawing.
Fluorescent focus assay. Human tear fluid was induced with freshly minced onions and collected from volunteers in the laboratory. Five or sometimes 10 l of tear fluid was mixed with virus (Ad37, 1.4 ϫ 10 9 virions; Ad5, 1.8 ϫ 10 8 virions), together with 500 l SHEM (containing 1% FCS). In other experiments, tear fluid was replaced by various concentrations of HLf (Sigma), lysozyme (Sigma), or lipophilin (a kind gift of Robert Lehrer), as indicated in the figure legends. After incubation for 1 hour on ice, the mixtures were added to subconfluent cells in 24-well plates (Nunc) and incubated for another hour on ice. Unbound virions were removed by a two-step wash with SHEM (1% FCS).
When experiments were performed with A549 or Hep2 cells, DMEM (including 1% FCS, penicillin-streptomycin, and 20 mM HEPES) was used instead of SHEM in all steps. The amount of virions that was added to each well was adapted to obtain approximately 10 to 20 infected cells in each viewfield (in the absence of effectors) and ranged from 4.2 ϫ 10 6 virions/well (Ad5 and Ad6; A549 and Hep2 cells) to 2.6 ϫ 10 9 virions/well (Ad41; A549). After 44 h of incubation at 37°C, the cells were fixed with methanol (400 l/well) and stained first with homotypic rabbit antiadenovirus serum, produced as described elsewhere (48) and diluted 200 to 1,000 times in phosphate-buffered saline (PBS; Medicago), and then with fluorescein isothiocyanate (FITC)-conjugated swine anti-rabbit antibodies (Dako Cytomation) diluted 1:50 in PBS. Incubations with antibodies were performed in a final volume of 400 l for 1 h at room temperature, and all washes were done in PBS twice for 15 min. When Ad5CMVeGFP vectors (Baylor College of Medicine) or enhanced green fluorescent protein (eGFP)-expressing Ad5 vectors pseudotyped with the Ad35 fiber (Ad5F35-GFP) (30) were used instead of virions, 10 4 vector particles were added per cell and 2% paraformaldehyde (J.T. Baker) was used for fixation. Fluorescing cells were examined and quantified using a fluorescence microscope (Axioskop2; Zeiss) at ϫ10 magnification and linked to a digital camera (AxioCam MRm; Zeiss) and Axiovision AC software (Zeiss).
Western blotting. Tear fluid proteins, and also HLf, lysozyme, and lipophilin, were separated on a 4 to 20% Criterion precast gradient gel (Bio-Rad) under denaturing conditions and transferred to a polyvinylidene difluoride membrane (Hybond-P; Amersham) using a Trans-Blot SD semidry transfer cell (Bio-Rad). The membrane was blocked with PBS in 5% nonfat dry milk (Semper) overnight at 4°C. After washing three times for 5 min in PBS-Tween (0.05% Tween; Medicago), the membrane was incubated with 9 ϫ 10 9 Ad5 virions diluted in 10 ml PBS-Tween containing 1% nonfat dry milk (Bio-Rad). After 1 hour of incubation at room temperature with constant agitation, rabbit anti-Ad5 serum (diluted 1:2,000) in PBS-Tween and 1% nonfat dry milk was added to the membrane. The membrane was then incubated and washed as before and further incubated with horseradish peroxidase-conjugated swine anti-rabbit antibodies (Dako Cytomation), diluted 1:5,000 in PBS-Tween with 1% nonfat dry milk. After another round of incubation and subsequent washing, enhanced chemiluminescence Western blotting detection reagents and Hyperfilm TM enhanced chemiluminescence (both from Amersham) were used according to the instructions of the manufacturer.
Binding assay. Cells (2 ϫ 10 5 ) were harvested using PBS-EDTA and recovered in binding buffer (BB) consisting of DMEM, penicillin-streptomycin, 10 mM HEPES, 1% bovine serum albumin (BSA; Roche) with a 1-hour incubation at 37°C with constant agitation. Simultaneously, 35 S-labeled Ad5 virions (10 4 particles/cell) were incubated with or without 10 g HLf in BB (100 l) on ice. One hour later, the virion mixtures were transferred to recovered, pelleted cells and incubated for another hour on ice (final volume, 100 l). Unbound virions were removed by washing, and the cell-associated radioactivity was measured using a Wallac 1409 liquid scintillation counter (Perkin-Elmer). In one type of binding experiment, 35 S-labeled Ad5 virions were preincubated in 100 l of BB with or without tear fluid (1:10 dilution) before incubation with cells (see Fig. 1D , below). In another type of binding experiment (see Fig. 2B , below), the data were normalized with respect to HLf-dependent aggregation of virions: from parallel samples containing either virions only or virions and HLf, but not cells, radioactivity in the supernatant (top 95 l) or "pellet" (remaining 5 l) was measured with respect to radioactivity. Approximately twice as many more virions were found in the pellet fraction when virions were preincubated with HLf. In a third type of binding experiment (see Fig. 4B , below), cells were preincubated in 100 l BB with or without 1 g anti-CAR monoclonal antibodies E1-1 (a kind gift of Silvio Hemmi) and/or RmcB (Upstate), prior to incubation with HLf and 35 
Slabeled Ad5 virions (1 hour on ice).
Flow cytometry. Cells were harvested using PBS-EDTA and recovered in BB, followed by a 1-hour incubation at 37°C with constant agitation. The cells (5 ϫ10 5 cells/sample) were then further incubated on ice for 1 hour in 100 l DMEM containing 1% BSA and 0.01% NaN 3 , with or without HLf (4 g) or mouse anti-CAR (RmcB ascites; a kind gift of Jeffrey M. Bergelson) diluted 1:1,000. Cells that had been preincubated with HLf were washed and resuspended in 100 l DMEM containing 1% BSA, 0.01% NaN 3 , and rabbit anti-hLf (Biodesign) diluted 1:30 and incubated on ice. Thirty minutes later, these cells (and also cells preincubated with RmcB) were washed and incubated with swine anti-rabbit antibodies (in the case of cells with HLf) or rabbit anti-mouse antibodies (in the case of cells with RmcB). Both conjugates (Dako Cytomation) were FITC conjugated and diluted 1:50 in PBS with 1% BSA. After 30 min of incubation on ice, the cells were resuspended in 300 l PBS containing propidium iodine (1 g/ml; Sigma-Aldrich). Each incubation was followed by two washing steps. The samples were then examined using a FACScan flow cytometer and LYSIS II software (Becton Dickinson).
RESULTS
Tear fluid promotes Ad5 infection of corneal cells.
We have previously shown that Ad37 uses sialic acid as a cellular receptor (2) . Unlike most other adenoviruses, the tropism of Ad37 is largely restricted to the eye (14) . With this in mind, we set out to investigate the effect of tear fluid on Ad37 infection of corneal cells. As a control we used Ad5, which, like other members of species C, mainly causes tonsillitis and upper respiratory tract infections and, much less often, ocular infections (19) . Tear fluid did not affect the infectivity of Ad37, but to our surprise it efficiently enhanced the infectivity of Ad5 in HCE cells (Fig. 1A) . In order to investigate this unexpected finding, we first sought to identify the step in the adenovirus life cycle in which tear fluid exerted this effect. Tear fluid promoted infection when preincubated with Ad5 virions or when incubated with Ad5 virions together with cells, but not when added directly after Ad5 had bound to cells ( (Fig. 1D) , which led us to believe that one or more tear fluid components promote binding of Ad5 to cells through a direct interaction with virions. To test this, we performed a virus protein overlay blotting assay and found that Ad5 virions interacted with at least three different tear fluid proteins (Fig. 1E) , which, according to their size and relative amounts, appeared to correspond to HLf (80 kDa), lysozyme (14 kDa), and lipophilin (5 to 8 kDa) (Fig. 1F) . When blotted to larger amounts of tear fluid proteins, Ad5 virions also interacted with lipocalin, secreted immunoglobulin A, and phospholipase A 2 (data not shown).
HLf promotes dose-dependent binding of Ad5 to and infection of cells that correspond to the natural tropism of Ad5. To elucidate the role of specific tear fluid proteins during Ad5 infection, we preincubated Ad5 virions with purified HLf, lysozyme, or lipophilin before allowing Ad5 to infect HCE cells. Whereas lysozyme and lipophilin had no effect at 6 g/ml, HLf caused an increase in the number of infected cells ( Fig. 2A) . Also, HLf was found to mimic the effect observed with tear fluid, in that HLf promoted infection when preincubated with Since Ad5 causes respiratory infections more frequently than ocular infections, we hypothesized that HLf would promote the binding of Ad5 to respiratory cells also. In agreement with this, HLf alone was sufficient for promotion of Ad5 binding not only to HCE cells (5-fold), but also to the A549 cell line (2.5-fold) (Fig. 3A) , which is derived from respiratory cells. Moreover, when preincubated with Ad5 virions, HLf efficiently promoted infections in ocular (HCE), respiratory (A549), and larynx (Hep2) epithelial cells (Fig. 3B) . Thus, HLf promoted infection by Ad5 in cells that corresponded to the normal tropism of this virus. From previous work by others, it has been suggested that HLf inhibits Ad2 from infecting Hep2 cells (3, 13) . In these studies, however, the concentrations of HLf that were inhibitory (0.5 mg/ml abolished 50% of the cytopathic effect) were higher than those we found to promote Ad5 infection in HCE, A549, and Hep2 cells. To investigate whether different concentrations exert different effects, we performed dose-dependent studies of HLf-mediated Ad5 binding to HCE cells. At concentrations lower than 0.01 mg/ml, HLf did not exert any effect on Ad5 binding to HCE cells, but at 0.1 and 1 mg/ml HLf promoted binding 7.1-and 3.3-fold, respectively (Fig. 3D) . At the highest concentration tested (10 mg/ml), HLf reduced binding to a level that was lower than in its absence.
One possible explanation for this is that at very high concentrations, individual HLf proteins bind to either virions or cells, but not to both, and thus HLf may be prevented from forming the bridge that is required for linking virions to cells, giving results similar to those described previously (3, 13) . Assuming 2 mg/ml HLf in tear fluid (51), the dilution used here (1:10) corresponds to 0.2 mg/ml, which is within the range in which HLf was found to act as a promoter of virus binding. 35 S-labeled virions were preincubated with or without HLf (100 g/ml) at the same time as cells were preincubated with or without RmcB and/or E1-1 anti-CAR antibodies (10 g/ml) Thereafter, virions (with or without HLf) were incubated with cells (with or without anti-CAR antibodies). After removal of unbound virions by washing, the cell-associated radioactivity was quantified with a beta counter. (C) Lack of cell surface CAR improves the efficiency by which HLf promotes binding of Ad5 to lymphoblastic T-cell leukemia cells. 35 S-labeled virions were preincubated with or without HLf (100 g/ml) and thereafter with cells. After removal of unbound virions by washing, the cell-associated radioactivity was quantified with a beta counter. (D and E) HLf promotes GFP expression in A549 cells from adenoviruses or adenovirus vectors equipped with the Ad5 fiber, but not with the Ad35 fiber. Panel E is a quantification of the results shown in panel D. Ad5 or Ad35 virions, or Ad5 vector with Ad5 fiber (Ad5CMVeGFP) or Ad35 fiber (Ad5F35-GFP), were preincubated with or without HLf (60 g/ml) and allowed to infect cells. At 44 h postinfection, the cells were fixed and analyzed in a fluorescence microscope. For panels A to C and E, the data shown are the results of three independent experiments, and each experiment was performed in duplicate.
and HLf receptors on A549, HCE, and Hep2 cells. HLf bound to all three cell lines with similar efficiency, indicating that there are similar numbers of receptors for HLf on these epithelial cells (Fig. 4A) . Anti-CAR monoclonal antibody RmcB, on the other hand, bound with highest efficiency to Hep2 cells and with least efficiency to HCE cells. To investigate the role of CAR during HLf-mediated Ad5 infection of A549 cells in greater depth, we blocked cell surface CAR with two monoclonal antibodies, RmcB and E1-1, during the adsorption step. Neither of the antibodies inhibited HLf-mediated infection (Fig. 4B) . On the contrary, the HLf-mediated infectivity of Ad5 was enhanced in the presence of anti-CAR antibodies, indicating that CAR is not involved in HLf-mediated binding of Ad5 to cells. Moreover, HLf promoted Ad5 binding to CAR-negative T cells (CEM and KE37) more efficiently than to corresponding T cells transfected with the cDNA encoding human CAR (CEM-CARhi and KE37-CARhi) (Fig. 4C) . Based on these experiments, we concluded that in the absence of CAR, HLf efficiently promotes binding of Ad5 to target cells.
The outer surface of the adenovirus capsid is composed of three well-exposed proteins (the hexon, the penton base, and the fiber) and two less-exposed proteins (IIIa and IX). To test whether the fiber is involved in the HLf-mediated interaction between the adenovirus capsid and cells, we used two different Ad5-based vectors that express GFP: one vector (Ad5F35-GFP) containing the Ad5 tail and the shaft and knob domain of Ad35 (a CD46 binding adenovirus, i.e., non-CAR-binding adenovirus), and another vector containing the wild-type Ad5 fiber (Ad5CMVeGFP). We observed a 5-fold increase in the number of GFP-expressing A549 cells upon preincubation of the Ad5CMVeGFP vector with HLF compared to control (no HLf) ( Fig. 4D and E) , whereas preincubation of the Ad5F35-GFP vector with HLf resulted only in 1.5-fold more GFPexpressing cells. Ad5 virions behaved similarly to the Ad5CMVeGFP vector in that a 5-fold increase in the number of infected cells was observed upon preincubation with HLf, whereas preincubation with HLf had only a minor effect on Ad35 infection of A549 cells (1.1-fold increase). Thus, even though it is too early to exclude other capsid proteins from being involved in the HLf-mediated interaction of Ad5 with cells, it seems likely that the fiber plays an important role in this mechanism.
HLf promotes species C-specific adenovirus infection of A549 cells. Since HLf did not promote infection of Ad35, which is one of the nine members of species B, we hypothesized that the effect of HLf could be specific for certain adenovirus species. In order to investigate this, we infected A549 cells with at least one serotype from each species and found that HLf promoted infection by all species C adenoviruses (Ad1, Ad2, Ad5, and Ad6) but not by representative adenoviruses of species A (Ad31), B (Ad7 and Ad11), D (Ad37), E (Ad4), or F (Ad41) (Fig. 5) . Thus, the ability of HLf to promote adenovirus infection in A549 cells appears to be specific for adenoviruses of species C.
DISCUSSION
Species C adenoviruses are a relatively frequent cause of tonsillitis and adenoiditis in young children, and DNA of species C adenoviruses but not DNA from other species has been detected in T cells isolated from tonsils and adenoids (17) . Thus, we speculated that usage of HLf as a bridge may be an important mechanism by which species C adenoviruses can cause latent/persistent infections of T cells localized in tonsils and adenoids. This idea is supported by the lack of CAR on primary T cells (10), the lack of Ad5 binding to and replication in T cells (reference 37 and this paper), and the efficient binding of Ad5 to CAR-negative T cells in the presence of HLf (this paper). Human herpesvirus type 8 (HHV8) is another virus that infects tonsils and adenoids in young children (9) . An interesting parallel between Ad5 and HHV8 is that the latter has been suggested to require salivary lactoferrin for infection of target cells (20) .
Species C adenoviruses are one of the most frequently used viral vectors for human gene therapy, but the in vivo results have not lived up to expectations derived from in vitro work. There are at least two possible reasons for this. First, most of the human population carries neutralizing antibodies to the Ad5-based vectors, which are used more frequently than vectors based on other serotypes. In order to circumvent this, vectors have been developed based on Ad11 (22, 40) , Ad19 (42) , and Ad35 (16), as their seroprevalence is considerably lower (22, 40, 47) . Another recent approach to circumvent immunity, but still benefit from the characteristics of the wellstudied Ad5 serotype, is to exchange the immunogenic domains on the surface of the hexon protein for corresponding domains chosen from a less common serotype (e.g., Ad48) (33). A second major reason as to why Ad5-based vectors function poorly in vivo is likely to be the absence (or low presence) of CAR on polarized epithelial cells and other cells, such as primary T cells. We predict that it might be possible to improve the efficiency of gene therapy based on Ad5 vectors simply by including HLf in gene therapy protocols.
Based on our results, and with the knowledge that CAR is absent from the apical side of polarized cells, we conclude that either CAR or HLf alone is sufficient for efficient binding of Ad5 to and infection of nonpolarized cells (i.e., in vitro) (Fig.  6 ). In CAR-negative cells, on the other hand (thus mimicking the in vivo situation, where epithelial cells are polarized), the interaction with HLf may be an important mechanism used by Ad5 and other species C adenoviruses for binding to and infection of cells. Because CAR is normally inaccessible from the apical surface, it has been suggested that the initial adenovirus infection may occur when a transient break in the epithelium allows luminal virus to reach its receptor or during repair of injured epithelium when CAR might be accessible (49) . To the best of our knowledge, such breaks are poorly characterized, and gaining access to CAR via this pathway may not explain how adenoviruses, which are a common cause of respiratory disease, bind to and infect epithelial cells in vivo.
Confusingly, HLf has already been suggested to inhibit Ad2 from infecting Hep2 cells through a mechanism that takes place during an early step in the infection (3, 13) . The contradictory results may simply be explained by the different concentrations of HLf used and the different number of HLf binding sites on virions and cells in the two different types of experiments. We speculate that in the presence of low concentrations of HLf in relation to the number of HLf binding sites on virions and cells, which was the case in most experiments of VOL. 81, 2007 HLf ROLE IN ADENOVIRUS BINDING AND INFECTION  959 this study, HLf is allowed to bind both virions and cells at the same time, but at higher concentrations of HLf there is an excess of HLf in relation to the number of HLf binding sites on virions and cells (3, 13) , resulting in binding to either virions or cells, but not both simultaneously, thus not allowing a bridge to be formed. The cutoff value at which HLf inhibits rather than promotes binding probably varies between cell types, as different cell types express different numbers of HLf receptors. When we increased the concentration of HLf above 1 mg/ml, we found that binding of Ad5 to HCE cells was reduced, thus mimicking the results obtained with Ad2 infection of Hep2 cells (3, 13) . In saliva, the concentration is rather low and within the same range as we used here, indicating that use of HLf as a bridge to cells may be a functional pathway used by Ad5 during infections in vivo. We also speculate that the relative expression of HLf receptors and CAR, as well as the different concentrations of HLf found in different body fluids, may at least partially explain the tropism of adenoviruses: in tear fluid the concentration is high and HLf may therefore inhibit (or at least fail to promote) adenovirus infection. On the other hand, in saliva the concentration is much lower, and HLf may therefore promote adenovirus infection. At low pH, the N-terminal domain of HLf, which is known as lactoferricin, is cleaved from HLf by pepsin. We did not find any difference in the activity between pepsin-cleaved and mock-treated HLf on Ad5 infection of HCE cells (data not shown). Besides being cleaved by pepsin and other proteases, HLf itself may act as a protease. The proteolytic activity of HLf that has been described previously takes place at serine residues surrounded by arginines (RSRR or RRSR) (21) . However, these sites are not found in the three major Ad2 or Ad5 capsid proteins (hexon, fiber, and penton base). We therefore do not expect that HLf-mediated binding and infection of species C involves the proteolytic capacity of HLf. Moreover, HLf has very high affinity for Fe 3ϩ ions. We compared holoHLf (iron saturated) with apo-HLf and found that holo-HLf is a more effective promoter of Ad5 binding to HCE cells than apo-HLf (data not shown). We speculate that the ability of Fe 3ϩ ions to affect the overall structure of HLf may affect the ability of HLf to promote binding of Ad5 to HCE cells.
Bovine lactoferrin (BLf) has been demonstrated to inhibit Ad2 infection of Hep2 cells (13) . We found BLf to exert a small promoting effect of Ad5 infection of A549 cells, but not as much as HLf (data not shown). The previously described inhibitory effect of BLf has been suggested to involve the heparin binding site of BLf. We have tested whether heparan sulfate might serve as the HLf receptor responsible for HLfmediated Ad5 binding to and infection of target cells, using heparan sulfate-deficient CHO-2241 cells (ATCC pgsB-618), but HLf promoted Ad5 infection in CHO cells with an efficiency that was similar to that in CHO-2241 cells (data not shown), thus indicating that the cell surface component that is responsible for this effect remains to be identified. However, it is obvious that there are receptors for HLf on both human epithelial cells and T cells (this paper and references 7 and 18), suggesting that HLf may indeed interact with these cells and also promote Ad5 binding to and infection of them in vivo, even in the absence of CAR.
The most commonly described mechanism used by viruses for binding to target cells usually involves a direct interaction between virions and their cell surface receptor. In addition, antibody-dependent enhancement of infection mediated by interactions between the Fc region of virus-specific immunoglobulin G and Fc receptors on certain cells has been described for a number of viruses (29) . There have only been a few reports indicating that other components serve as a bridge between viruses and target cells: (i) C4BP and coagulation factor IX have been reported to promote Ad5 interactions with target cells when the CAR binding site of the Ad5 fiber has been ablated (39); (ii) dipalmitoyl phosphatidylcholine may be involved in Ad2 entry into alveolar epithelial cells (5); (iii) polymerized human serum albumin is necessary and sufficient for binding of hepatitis B virus-like particles to human liver plasma membranes (32, 44) ; (iv) BLf has been suggested to enhance infection of gC-negative herpes simplex viruses in mouse fibroblasts (24) ; and (v) HLf has been proposed to generate formation of an HHV8-lactoferrin-glycosaminoglycan-epithelial cell receptor complex, which may increase the initial infective viral dose in the vicinity of potential target cells and increase the risk of infection (20) . This report further potentiates the role of lactoferrin as a soluble component with the ability to promote binding to and infection of target cells, by serving as a bridge between the virion and the surface of the target cell.
HLf has previously been shown to serve as an antimicrobial component of the innate immune system. Numerous bacteria, fungi, and viruses have been found to be inhibited or inactivated by HLf, by various mechanisms (45, 51) . With few exceptions, the mechanism by which HLf inhibits viruses appears to be at the level of binding to target cells, either by blocking the cellular receptor or the viral ligand. Since binding of Ad5 to cells is promoted by free HLf, but not by cell-associated HLf, we suggest that Ad5 hijacks HLf and thereafter links the virions to the cell surface. Thus, in this case the activity of HLf is promicrobial rather than antimicrobial. 
